A large spin accumulation due to the electrical spin injection has been observed in Permalloy-silver lateral spin-valve structures. The observed resistance change is the largest among the reported metallic lateral spin valves with Ohmic junctions. The spin-diffusion length deduced from the experimental results is also found to be the longest among the normal metals reported so far. All the results can be quantitatively explained by the common spin-diffusion model without any discrepancies unlike the results of Godfrey and Johnson.
Spin-dependent transport phenomena in ferromagnetic nanostructures have attracted much attention from both the fundamental and the technological points of view [1] . Various functional properties have been reported recently in hybrid structures consisting of ferromagnetic and nonmagnetic materials. The devices based on such spindependent transports are now promising candidates for future electronic and information technologies. When spin-polarized electrons are injected from a ferromagnet into a nonmagnet, the majority of the spins in the ferromagnet are accumulated in the nonmagnet, leading to a spin imbalance [2] . The accumulated spins diffuse in nonmagnets while gradually losing the spin information through the spin flip scattering. Thus, the spin accumulation is induced only in the vicinity of the ferromagnetnonmagnet interface. The length scale over which the initial spin direction remains is known as the spin-diffusion length, which is one of the most important parameters for spintronic devices. Therefore, experimental study on the spin-dependent transport and the spin relaxation is essential for developing the future spintronic devices. However, experimentally determining the spin-dependent parameters such as spin polarization and spin-diffusion length is difficult because the spin current does not conserve. Lateral spin-valve structures are suitable for studying such parameters because of the flexible device geometry [3] [4] [5] [6] [7] [8] [9] . Especially, the nonlocal spin injection technique allows us to detect the spin-dependent signal precisely.
Lateral spin valves based on the Cu and Al wires have been studied experimentally by several groups [3] [4] [5] 7, 8] . Long spin-diffusion lengths of micron or submicron scale were found in such normal metals. The reported lateral spin valves can be classified into two categories depending on their interfaces [10, 11] . One is the tunnel junction, the interface resistance of which is much larger than the characteristic spin resistances of the normal metal. In this case, the spatial distribution of the spin accumulation in the normal metal can be expressed by a simple exponential function because of negligible interaction between the normal metal and the ferromagnetic injector or detector wires. Although the tunnel junction produces a large spinvalve effect, the maximum spin current density passing through the interface is limited by the strong biasdependent deterioration in the spin polarization [7] . The other is the transparent junction, whose interface resistance is much smaller than the characteristic spin resistance. The spin accumulation in the transparent junction is strongly affected by the interface because of the spin relaxation in all the contacts, which leads to an additional spin relaxation mechanism and to a pronounced decrease in the spin accumulation. However, transparent junctions efficiently transfer the spin current into another ferromagnet. Since the maximum transmissible current density through the interface is much larger than that for the tunnel junction, the lateral spin valve with Ohmic junctions may have a greater advantage than that with tunnel junctions.
Recently, a large nonlocal spin-valve signal has been observed by Godfrey and Johnson in a Py=Ag lateral spin valve with Ohmic contacts [9] . However, they interpret their results by using a single interface expression; i.e., they do not take into account the spin diffusion and absorption into the ferromagnetic voltage probes that are expected in the spin-diffusion theory [10 -14] . This probably explains that they find a spin-diffusion length of Ag much shorter than in normal metals such as Al or Cu. Here, we report the largest spin signal and longest spin-diffusion length among the reported normal metals with Ohmic contact in similar Py=Ag lateral spin valves. We also show that the spin current induced in the Ag wire is strongly absorbed into additional Py Ohmic contacts. The common spin-diffusion theory, which includes the spin relaxation into the contacts, quantitatively explains our experimental results unlike the above single interface expression.
Lateral spin-valve devices consisting of Py and Ag have been fabricated by the conventional two-step lift-off processes. A typical Ag-based lateral spin valve is shown in Fig. 1(a) . The device consists of two Py wires bridged by a Ag wire. Here, one Py wire has large pads connected to its edges for facilitating the domain-wall nucleation, while the other one has flat-end edges. We therefore control the magnetization configuration (parallel or antiparallel) by adjusting the magnetic field. Both Py wires are 30 nm in thickness and 100 nm in width. An electron beam evaporator with a base pressure of 2 10 ÿ9 Torr has been used for the growth of the Py layer. Then, the Ag wire was fabricated using a lithographer followed by resistance heating evaporation with a base pressure of 5 10 ÿ9 Torr. The interface between Py and Ag wires was well cleaned by low voltage Ar-ion milling prior to the Ag deposition resulting in an Ohmic, low resistive contact. The separation between the center of the injector and that of the detector is varied from 200 nm to 1500 nm in order to study the spin-diffusion length for the Ag wire. The resistivities of Py and Ag wires are, respectively, 15:7 cm and 2:0 cm at room temperature and 11:6 cm and 1:1 cm at 77 K. The magnetoresistance measurements were performed by using conventional current-bias lock-in technique with an amplitude of 0.15 mA. The external magnetic field H is applied along the easy axis for the Py wire. In order to avoid the process dependent dispersion of the characteristics such as resistivity and spin polarization, all the spin-valve devices examined in the present study were fabricated in the same batch.
The spin accumulation in the Ag wire is evaluated by nonlocal spin-valve (NLSV) measurement. As shown in Fig. 1 , the current is injected from Py1 into the Ag wire and extracted from the bottom Ag electrode. The nonlocal voltage between the Py2 and top Ag electrode is measured to detect the spin accumulation in the Ag wire. Figure 1(b) shows the field dependence of the NLSV signal measured at room temperature in a Py=Ag lateral spin valve for 200 nm separation distance. The spin signal V=I, which is defined by a resistance change between the parallel and the antiparallel states, is clearly observed. The magnitude of the resistance change V=I is 1:1 m, which is larger than that in the Py=Cu spin valve for the same separation. In the NLSV signal measured at 77 K shown in Fig. 1(c) , a huge spin signal as high as 11 m is observed. This is much larger than that in the Py=Cu lateral spin valve. It should be noted that the Py and the interface are prepared by the same methods as those in the Py=Cu lateral spin valve [5, 14] . The difference is only the material of the normal metal. Therefore, the observed large spin signal should be induced by the existence of the Ag wire.
The local spin-valve measurement that is schematically shown in the inset of Fig. 2 has been measured at 77 K by changing the probe configuration in the same devices. The clear spin-valve effect with the magnitude of 18 m is also observed in the Ag wire. This resistance change corresponds to 5.3% in the MR ratio V=V k , which is comparable or more than that in nanopillar giant magnetoresistance systems, meaning a realization of efficient spin injection in the lateral structure. According to the analytical calculation [11, 14] , the resistance change in the local spin-valve measurement should be twice as large as that in the NLSV measurement shown in Fig. 1(c) . However, the observed resistance change in the local spin valve is slightly smaller than the expected values. This difference may be due to the difference of the current distribution in the vicinity of the junctions between two measurements. It should be noted that the resistance of the Ag wire that corresponds to the voltage between the top and bottom Ag electrode divided by the current with the same path as that in the local spin-valve measurement is 240 m. This means that there is an extra resistance in the local spin-valve measurement, meaning a nonperfect transparent interface. Since the local spin-valve measurement includes two interfaces, the interface resistance can be estimated as 50 m. Of course, this interface resistance is very low and does not depend on the current magnitude, meaning an Ohmic junction. However, in the case of the Py=Cu interfaces, the interface resistance is a few m or less. It should be noted that the fact that the interface resistance in Py=Ag is larger than that in Py=Cu has been reported also in the nanopillar structure [15] . As discussed later, when the interface resistance is comparable to the spin resistance for the ferromagnet, the spin accumulation in the nonmagnet changes from that in the transparent junction.
We then study the spin-diffusion length for the Ag wire by measuring the spin signals for various separation distances. Figure 3 shows the spin signals at RT and 77 K as a function of the distance. As in the graph, the spin signal does not show the simple exponential decay as a function of the distance, meaning the Ohmic junctions. By solving the one-dimensional spin-diffusion equation [10, 11, 14] , the spin signal V=I with the interface resistance R I is calculated as the following equation:
where P I , P F , and N are the spin polarization for the interface, the spin polarization for the ferromagnet and the spin-diffusion length for the nonmagnet, respectively. R SF and R SN are spin resistances for ferromagnet and nonmagnet, respectively. The spin resistance is defined by R S 2=1 ÿ P 2 S, where is the resistivity, is the spindiffusion length, P is the spin polarization, and S is the effective cross sectional area. R SI is the interface spin resistance which is defined by 2R I =1 ÿ P 2 I . In the calculation, we assume R SN R SI , R SF . Comparing Eq. (1) with that for the transparent interface, the extra resistance change P 2 I R 2 SI =R SN sinhd= N is found to be superimposed in the spin signal with the interface resistance. By fitting the experimental results, the spin-diffusion length for Ag wire is found to be 700 nm at room temperature and 3 m at 77 K, which are the longest values among the normal metals reported so far. Also, using the same experimental parameters for the Py estimated from our previous Py=Cu lateral spin-valve experiments [14, 16] , the interface spin polarization P I are 0.33 at RT and 0.42 at 77 K.
Finally, we study the influence of the additional ferromagnetic contacts on the spin accumulation in the Ag wire. In the previous experimental reports in the Ag=Py spin valve, the authors argue that the spin absorption by unused Ag=Py interfaces is negligible and do not take it into account [9] . However, according to the common spindiffusion theory [11] , an additional Ohmic contact of the spin resistance with low interface resistance absorbs some fraction of the spin current induced in the nanomagnet, or, in other words, introduces an additional spin relaxation channel [17] . The ratio , which is the ratio of the spin signal with a middle Py wire R with S to that without the middle wire R ref S , is given by the following equation [10, 14] :
where R SE is the effective spin resistance of the ferromagnetic voltage probe and is given by R SI R SF . In the present case, the effective spin resistance for the contact is 160 m at RT and 250 m at 77 K, which are still much smaller than the spin resistance for Ag 2:8 at RT and 6:6 at 77 K. Therefore, the Py contact on the Ag wire should modify the spin accumulation in the Ag wire although there is an interface resistance. In order to demonstrate the spin current absorption, we prepare another lateral spin valve, which is shown in Fig. 4(a) . The distance between the ferromagnetic electrodes (Py1 and Py2) is 700 nm. The middle wire Py3 is located in the center between the injector and detector. Py and Ag wires are the same thicknesses as those in the previous experiment. The nonlocal spin-valve signals with a middle Py insertion at RT and 77 K are shown in Figs. 4(b) and 4(c), respectively. Clear spin signals are still seen, but the magnitude of the signal is much smaller than that without the Py insertion. According to Fig. 3 , the spin signal without the insertion should be 2:4 m at 77 K and 0:25 m at RT. Therefore, the ratio is obtained as 0.22 at 77 K and 0.12 at RT, which are quantitatively consistent with the calculated values 0.25 at 77 K and 0.12 at RT using Eq. (2). These results clearly show that, for a correct interpretation of spin injection experiments and a reliable determination of spin-diffusion lengths, it is necessary to take into account the additional spin relaxations by Ohmic contacts and replace single interface expressions by those of multiinterface models. 
